The monolithic integration of a high sensitivity detector with a gas chromatography (GC) separation column creates many potential advantages over the discrete components of a traditional chromatography system. In miniaturized high-speed GC systems, component interconnections can cause crucial errors and loss of fidelity during detection and analysis. A monolithically integrated device would eliminate the need to create helium-tight interconnections, which are bulky and labor intensive. Additionally, batch fabrication of integrated devices that no longer require expensive and fragile detectors can decrease the cost of micro GC systems through economies of scale. We present the design, fabrication and operation of a monolithic GC separation column and detector. Our device is able to separate nitrogen, methane and carbon dioxide within 30 s. This method of device integration could be applied to the existing wealth of column geometries and chemistries designed for specialized applications.
Introduction
Rapid detection of gas phase chemicals is critical in a wide range of applications, including environmental monitoring, industrial process control, public safety and point-of-care health services [1] [2] [3] . The miniaturization of gas chromatography (GC) devices has greatly increased the portability of and range of applications for this powerful analytical tool. Research in the development of micro GC systems began with Terry et al [4] ; however, this device had an issue with mass transfer. This was followed by work from Yu et al at the Lawrence Livermore National Laboratory, who constructed a hand-held GC system, and Frye-Mason et al at Sandia National Laboratories, who worked on rapid air analysis for chemical weapons detection [5, 6] . All of these devices were composed of separate detectors and columns, which required post-fabrication integration. Work on separately fabricated devices continued at the University of Michigan Center for Wireless Integrated MicroSystems (WIMS) [7] . The WIMS group focused on research in micro-columns, including optimization of column dimensions and coatings processes, significantly improving separation efficiency [8] . Many other column designs and materials, including square, circular, buried, all silicon and all glass, have been developed, as was a packed microfabricated column for analysis of biological samples [9] [10] [11] [12] [13] . Despite their successes, most of these groups focused on separate elements of the GC system, either columns or detectors, and did not develop a monolithically fabricated device.
WIMS worked on forming a functionally integrated device and used post-processing to manually assemble the system components on a single die, a very labor intensive and delicate process [14] . Sandia developed a monolithically Figure 1 . Functional block diagram of gas chromatography systems. A monolithic fabrication process was used to simultaneously create an integrated microseperation column and a high sensitivity detector on a single chip.
integrated device using an open tubular column and a magnetically actuated flexural plate as the detector. However, this device had very limited separation abilities and no chromatogram was published [15] . A concept for an integrated column and detector was patented by Bonne et al [16] [17] [18] . Their device was reported to contain a preconcentrator, a separation column and a detector, which were integrated by bonding three silicon wafers into a stack; this work was done by Honeywell, as part of a DARPA program on chemical weapons detection, and therefore limited information on the fabrication, design parameters and testing data of this system is available [19] . Initial results of a monolithic device fabricated on a single wafer were presented at the MEMS 2010 conference [20] .
Although separation column performance is vital to a GC system, the output of the complete device is dependent on the concentration of the gas reaching the detector. In a traditional GC system, the column and the detector are individual components which require fluidic interconnections. These interconnections can broaden analyte peaks, effectively diluting the sample and decreasing the system's resolution. Ideally, there should be no delay between the column and the detector. The integrated device presented here eliminates the length of the connection line, where conventional band broadening can occur, and removes the necessity of making helium-tight interconnections between various components (figure 1). Helium-tight interconnections are commonly composed of metal hardware and graphite ferrules, which significantly increase the mass of a micro GC system and require manual assembly. Our integrated device completely removes any errors and loss of fidelity created by fluidic interconnections, such as leaks, fluidic restrictions and dead volumes, all of which are detrimental to overall system performance. Chromatographic resolution is therefore improved by increased proximity between the separation column and the detector, particularly in high speed GC systems [21] .
In addition to enhanced fluidic performance, our monolithic device's simultaneous fabrication process simplifies the final integration of complete μGC systems and reduces device complexity and cost.
Theory
Our monolithic fabrication method can utilize recent advances in micro-column and micro-detector technology, allowing for a simplified GC system. During the GC process, the sample is injected into a carrier gas, referred to as the mobile phase. The microfabricated channels are filled with small particles, which make up the stationary phase; we used a packed stationary phase for the separation column in this device. As the sample is transported through the column, it interacts with the stationary phase. The strength of this interaction varies with the properties of the chemicals within the sample, resulting in the separation and differential elution of individual components. These separated components are subsequently passed from the column to a detector.
A column's ability to separate and resolve chemicals can be adversely affected before or after the separation column. The peak variance as a result of extra-column band broadening is proportional to [22] 
where t is the time required for the carrier gas to travel through the extra column volume, u is the average linear carrier gas velocity and k is the retention factor. Common sources of extra-column band broadening include the system injector, fluidic connections and the detector. For conventional GC systems, on-column band broadening is often significant enough to mask any extracolumn effects. However, extra-column band broadening increases with the square of carrier gas velocity, becoming a major factor in high speed systems. When combining the work on advanced micro-column designs and consideration of extra-column effects, the possible benefits of monolithically fabricated systems become clear.
Fabrication
To monolithically fabricate the separation column and the detector, a bulk micromachining process was developed which simultaneously created both components on a single silicon wafer. These components were then sealed under a Pyrex cover and the column was packed with a stationary phase. Finally, off-chip fluidic connections were made with fused silica capillary tubing.
Microfabrication
The complete device is fabricated with two masks, the metallization layer and the bulk micromachining pattern.
The fabrication process used a single-side polished 1 0 0 silicon wafer covered with a 500 nm layer of low stress silicon nitride, created by low pressure chemical vapor deposition (LPCVD). This wafer is coated with the Shipley 1813 photoresist and patterned using a positive mask for the metallization layer. The exposed SiN is then etched to a depth of 200 nm in a reactive ion etcher using CF 4 as the etchant. Without removing the photoresist, 100/1900Å Cr/Ni was evaporated onto the surface using an electron beam. A metal pattern inset was created on the surface of the SiN, leaving a nearly flush surface on the top side of the wafer, allowing for bonding later in the process.
This process flow was used to create devices with two different TCD designs (figure 2), with filament lengths of 3000 μm and 4000 μm, respectively.
The second mask was used to pattern a 3 μm layer of Shipley 1818 photoresist. This pattern was used for deep reactive ion etching (DRIE).
A two-step DRIE process was used to create the flow channels and release the detector from contact with the silicon layer. The first step was an anisotropic etch to 150 μm, followed by a more isotropic step, exposing the wafer to SF 6 without passivation to undercut the suspended detector. This created a structure with a total channel depth of 200 μm and undercut the edges by 25 μm, as shown in figure 3 . This release step was followed by an oxygen plasma clean to remove the remaining photoresist. The resulting serpentine column is 50 cm long, 400 μm wide and 200 μm deep. After etching, a coverslip made of Pyrex Corning 7740 was anodically bonded to the silicon substrate, sealing the 
Stationary phase packing
Two different stationary phase packing materials were used in separate versions of the monolithic column-detector system. The first device used Carbopack from SigmaAldrich. Carbopack is made up of carbon particles sieved to a particle size of 75-100 μm. A sieve shaker was used to ensure uniform packing in the channels. The second device contained HayeSep A from Supelco, a high-purity mixture of divinylbenzene and ethyleneglycoldimeth-acrylate; HayeSep A did not require sieving.
These packing materials were poured into side access ports of the chips. There was one access port for every two legs of the column. The device with the 3000 μm TCD was packed with Carbopack and the device with the 4000 μm TCD was packed with HayeSep (figure 5). The chips were then placed on a shaker table to ensure the highest packing efficiency possible in the channels.
After packing, the channels were sealed with epoxy. Subsequently, fused silica capillary tubing was attached to the input and output of the integrated device.
Detector characterization
TCDs are uniquely suited for miniaturization, since they are sensitive to the concentration of substances within a mixture, not the total mass of a sample, as is the case with flame ionization detectors. Therefore, miniaturization of GC systems employing TCDs can maintain functional sensitivity while simultaneously processing smaller sample masses, reducing power consumption, and increasing mechanical robustness. Our fundamental TCD design and modeling has been previously published [23] . This device was shown to detect sub-ppm concentrations of hydrocarbons in helium.
TCD characterization
Evaluation of fabricated devices was initiated by measuring the TCD response to temperature. This information is vital for operation and control of the heat flux of the resistive heating element. Testing was performed by placing the device inside a convection oven. A 50 μA probe current was used to measure electrical resistivity of the TCD. A low current was required to minimize the effect of joule heating, which would create an offset in the resistance readings.
Over numerous heating and cooling cycles, there was negligible variation in the recorded electrical resistance of the TCDs. The response of these TCD was linear over the range of operation ( figure 6(a) ). Nickel was selected for the thin film resistive heater because of its high thermal coefficient of resistance (TCR), approximately 0.006
• C −1 at room temperature. Since chrome was used as an adhesion layer, this combination of metals in the filament possessed an unknown TCR. From the measured resistance change with temperature, the thermal coefficients of resistance of the metal thin film were determined to be ∼0.004
• C −1 at room temperature; TCR decreased slightly with increasing temperature, which means the sensitivity of the devices decreases at higher operating temperatures ( figure 6(b) ). The difference in the TCR of the two devices can be accounted for by slight variations in film deposition between the fabrication runs.
Electrical setup
All electrical measurements were performed by placing the μTCD in a Wheatstone bridge circuit. The differential voltages on the two sides of the bridge were amplified by a 10× differential amplifier and passed to a data acquisition card.
The device was placed in a 30
• C temperature-controlled convection oven. The applied voltage was adjusted until the TCD's resistance indicated that it was heated to 60
• C, given a T of 30
• C between the TCD and the environment.
Chromatographic testing and results
Chromatographic testing of the fabricated monolithic column TCD systems was performed using the pressure controller and injector from an Agilent Technologies 7890A Gas Chromatography System. The Agilent injector was hooked into the separation column, requiring only one fluidic connection. Furthermore, this is one of the least critical connections in a standard GC setup since it is upstream of the separation column, prior to peak generation. A 50 μl mixture of light gases was injected into the GC system. The gas mixture contained nitrogen, methane, carbon dioxide and a very small quantity of ethane. The exact quantity of each component in the injected gas sample was not vital for proving functionality of these devices; however, the approximate molar concentration of the mixture is shown in table 1.
With the Carbopack column device, the first peak to elute was nitrogen, which was not significantly retained by the stationary phase. Depending on the system head pressure, this first peak reached the detector 10-40 s after injection. The gases in the sample mixture were clearly separated by the Carbopack stationary phase. However, the first three peaks in figure 7 at 60 psi were not well resolved. To increase their separation, the dwell time of the sample in the column could be increased. Since each chemical has a different partition coefficient, allowing more time to interact with the stationary phase caused greater differentiation in the elution of the components. By lowering the head pressure to 30 psi, it is possible to achieve baseline resolution between nitrogen, methane and carbon dioxide with the Carbopack stationary phase (figure 7). However, this lower pressure delays the elution of ethane by minutes and makes it difficult to distinguish from the baseline in isothermal operation.
The integrated chip with HayeSep packing material has different separation properties than the Carbopack chip, resulting in the increased retention of carbon dioxide even at a higher inlet pressure/flow rate ( figure 8) .
The difference in component elution between the two devices shows that this monolithic device design is flexible and can be adapted for numerous applications. In addition to the selection of a stationary phase, column dimensions and length can easily be altered for optimal performance or to meet system requirements. At the non-optimized flow rates tested, the Carbopack column provided 900 theoretical plates of separation for ethane, while the Hayesep A column provided 1160 plates of separation over the device's 50 cm column length. This compares well with traditional packed columns, which typically provide 1000 plates per meter [22] . Optimization of flow rates, injection volumes and operating conditions may be capable of producing even better separation results.
Conclusions
This work shows it is possible to monolithically fabricate a GC separation column with an integrated high sensitivity thermal conductivity detector. This success paves the way for further integration of gas chromatographic microsystems. To make a completely functional GC system, an injector and pressure sources will be required. By examining the fabrication process, it is clear that separation channel parameters can easily be adjusted to improve chromatographic resolution or to meet the requirements of any unique set of analytes. Furthermore, the stationary phase can also be easily exchanged for other packed or thin film chemistry. The full benefits of integrated devices will be utilized as high speed microsystems continue to be developed.
